We review here the nonlinear dynamical properties of the crayfish mechanoreceptor system from the hydrodynamically sensitive hairs on the tailfan through the caudal photoreceptor neurons embedded in the 6th ganglion. Emphasis is on the extraction of low dimensional behavior from the random processes (noise) that dominate this neural system. We begin with stochastic resonance in the sensory root afferents and continue with a discussion of the photoreceptor oscillator and its instabilities. Stochastic synchronization, rectification and the generation of second harmonic responses in the photoreceptors are finally discussed.
Introduction
The crayfish is a venerable animal, and a successful one, having spread over the globe from the arctic to the tropics. There are at least 590 species of crayfish and they are found presently on all continents except Africa and Antarctica [Ortmann, 1902; Crandall & Fetzner, 2002] . However, fossils from Antarctica demonstrate that crayfish also lived there almost 300 million years ago. In North America (Wyoming, Utah, Arizona and North Carolina) crayfish were present at least 225 million years ago on the Pangean continent [Packard, 1880; Olsen, 1977; Miller & Ash, 1988; Hasiotis, 1999] .
Aristotle first identified crayfish (astakoi) and distinguished them from lobsters, shrimps and crabs [Aristotle, 322 BC] . But it was Thomas Henry Huxley who made the animal familiar to biologists by introducing the modern study of physiology (then called zoology) using the crayfish as an example [Huxley, 1880] . The first neuroscience studies on crayfish involving the measurement of neural action potentials were carried out in the thirties [Prosser, 1934; Welsh, 1934] .
Here we focus on the lower parts of the crayfish mechanosensory system, specifically the tailfan and the sixth abdominal ganglion. The tailfan is covered with thousands of hydrodynamically sensitive hairs. They are divided into two broad groups, some 250 long hairs (about 100 by 10 µm) that sense water motions in the frequency range 4 to 20 Hz and myriad short ones (about 10 µm) that sense acoustic vibrations in a higher frequency range [Plummer et al., 1986; Douglass & Wilkens, 1998 ].
Here we are concerned with the long hairs, each of which is innervated by two sensory afferent neurons that converge on the sixth ganglion and synapse on some of the approximately 250 interneurons that comprise the ganglion [Flood & Wilkens, 1978; Wiese, 1976] . We are also interested in the two bilaterally symmetric photoreceptor neurons, called the caudal photoreceptors (CPRs), embedded in the ganglion and synaptically connected to some of its interneurons [Welsh, 1934; Kennedy, 1958a Kennedy, , 1958b Kennedy, , 1963 Wilkens & Larimer, 1972] . See Fig. 1 .
In addition to the two CPR neurons and many others, the ganglion outputs a pair of motor neurons that cause the abdominal muscles to contract.
To escape a predator, the crayfish spreads its tailfan and contracts its abdominal muscles resulting in a swift backward swimming motion called the escape reflex [Krasne & Wine, 1975; Wine, 1977 Wine, , 1984 . Together, these two organs, the tailfan and the sixth ganglion, form a system for exciting the escape reflex of the crayfish. Hydrodynamic motions applied to the long hairs, and light falling on the CPRs, mediate the neural outputs of the ganglion. Hydrodynamic motions trigger the escape reflex, and light intensity can, as we will show below, enhance the transduction of mechanosensory stimuli. Furthermore, it is known that light directly mediates some reflex behaviors in the crayfish, such as backwards walking [Edwards, 1984; Simon & Edwards, 1990] . (Interestingly, some investigators report that backward walking can inhibit the escape response [Phillips & Edwards, 1986] .) The escape reflex is designed for escape from predators, chiefly swimming fish. The wave-like disturbances in the water due to the fish's swimming motions arrive at the tailfan in advance of the fish triggering the escape reflex with some probability, depending in part on the stochastic firing of the neurons that innervate the mechanosensory hairs. Once triggered, the crayfish may escape the predator also with some probability. As we argue below, the entire escape process is statistical.
This predator avoidance system seems primitive, though it is enormously sensitive . The widespread diffusion of the many species indicates that it is evidently a very successful system as well. One can speculate that hairs moving in response to water motions may have been one of the earliest responses to the appearance of predators in the pre-Cambrian seas.
In this overview, we outline the results of a number of experiments aimed at revealing some of the nonlinear processes involved in the transduction of hydrodynamic signals into nerve impulse trains in the CPR outputs. The experiments were all performed following the same protocols. Periodic and sometimes random hydrodynamic stimuli were applied to the tailfan, while the light sensitive areas of the CPRs on the ganglion surface were illuminated or remained in the dark. Recordings of the neural discharges were made by means of electrodes attached extracellularly either to the sensory afferents or to the CPR outputs as shown in Fig. 1(b) . Owing to the extreme vibration sensitivity of the tailfan, all experiments were performed on vibration isolation platforms within grounded Faraday cages under conditions of controlled illumination and temperature. Trains of neural action potentials, or spike trains, were digitized, saved and later analyzed, as will be discussed below (Sec. 5.3).
In Sec. 2 we discuss first the nature of the stimuli, oscillatory responses and noise. Then we further discuss the role of light and its relation to noise. Section 3 outlines the first Stochastic Resonance (SR) experiment in biology and points to the many further works that it stimulated. In this section we also outline the threshold theory of SR and elucidate why it has been so successful and where it fails. Section 4 deals with stable and unstable orbits of a noisy oscillator (the illuminated CPR). In Sec. 5, we introduce the very modern topic of Stochastic Synchronization (SS) and outline how it can be used to investigate the encoding in the CPRs of periodic hydrodynamic stimuli applied to the tailfan. Section 6 deals with the rectification and summation of oscillatory mechanostimuli by the CPRs. Here we introduce a simple model -albeit linear -for this process. A related topic treated here is the generation under certain conditions of a strong second harmonic in the CPR responses and its mediation by light. We conclude with a speculation on the possible functional significance of rectification and the consequent generation of higher harmonics. Finally in Sec. 7, we conclude with a discussion pointing to possible future directions for research on this intriguing sensory system. Two useful sites on the World Wide Web covering all aspects of crayfish research, conservation and natural history are the Smithsonian Museum of Natural History [2001] and [Crandall & Fetzner, 2002] .
Signals, Oscillations and Noise
We consider first the spontaneous discharges from the sensory afferents, often called the sensory root receptors. Recordings were made from the electrode and amplifier shown on the left in Fig. 1(b) . The root sensory afferents are far from silent even in the absence of external stimuli. Figure 2 (a) shows an interspike interval histogram measured on a sensory afferent root. The dashed line shows an exponential fit to the data. The fit indicates that the intervals are gamma-function distributed. The exponential part is evidence of a Poisson process, that is, the signature of random noise.
While the spontaneous discharges from all sensory afferent neurons show firings at random times, some are much more noisy than others as indicated by relatively high mean firing rates. Others are nearly silent. Several hundred afferents (from the long hairs alone) and their noisy discharges converge on the sixth ganglion and synapse onto the CPRs. Thus it is not surprising that the CPRs are also quite noisy. But the CPR neurons are also oscillators [Bruno & Kennedy, 1962; Kennedy 1958a Kennedy , 1958b Kennedy , 1963 , though very noisy ones. Moreover the oscillatory behavior is mediated by the steady light intensity falling on the CPR sensitive areas. Figure 2 (b) shows two power spectra measured at a CPR output. See the right-hand electrode and amplifier in Fig. 1(b) . The broad peak in the light lying between approximately 14 to 20 Hz is the CPR oscillator, and we may speculate that the broadness of the peak is due to in part to spontaneous noise converging on the ganglion from the root afferents. Synchronization of the CPR oscillators with external hydrodynamic forcing is discussed in Sec. 5. The sharp peaks at 10.5 Hz are the result of periodic hydrodynamic stimulation. We note that light considerably enhances the amplitude of the 10.5 Hz peak, an effect that is further discussed in Sec. 3.2.
Stochastic Resonance
Stochastic resonance (SR) is the now well-studied process by which the addition of noise to a weak signal in a class of nonlinear systems can enhance the detectability and information content of the processed signal downstream. Though first studied in dynamical physical systems and demonstrated experimentally in a bistable ring laser [McNamara et al., 1988] , SR has had its major impact in biology and more recently in medicine. With its first biological demonstration, SR was discovered in the mechanosensory system of the crayfish . SR has been the subject of numerous reviews [Moss, 1994; Moss et al., 1994; Wiesenfeld & Moss, 1995; Gammaitoni et al., 1998 , Anishchenko et al., 1999 Moss, 2000] . Here, we will only briefly outline the process.
In its original manifestation SR was thought to occur only in dynamical systems incorporating a bistable potential [Gammaitoni et al., 1998 ]. Subject to a weak signal that "rocked" the bistable potential periodically and noise, the system state point (often described as a "particle") passed over the barrier from one well to the other. These barrier crossings are to some degree random, but also to some degree synchronized with the periodic rocking signal. Quite early it was realized that the barrier crossings themselves represented a significant source of information about the signal, and that the information could have biological significance [Longtin et al., 1991] .
In an alternate view, it was later discovered that SR can exist in nondynamical, purely statistical, systems consisting of only three ingredients: Fig. 3 . The signal-to-noise ratio (SNR) versus noise measured at a root sensory afferent of the crayfish (triangles) while stimulating with a hydrodynamic stimulus composed of a subthreshold periodic signal plus random noise. The horizontal scale is in root mean square voltage applied to an electromechanical motion transducer and is proportional to amplitude of motion of the tailfan relative to a liquid solution in which it was immersed. The diamonds show a similar experiment carried out on an analog simulator of a model FitzHugh-Nagumo neuron with parameters chosen to yield data similar to that of the crayfish. a threshold, a subthreshold signal and noise [Gingl et al., 1995; Moss et al., 1994] . The signal detection paradigm is equally simple. We suppose that the system can output a temporal sequence of positive going threshold crossings. When the threshold is not crossed there is no output. When the subthreshold signal plus the noise causes a barrier crossing, the system outputs a stereotypical pulse (a marker). The train of such pulses is similar to the discharges of many neurons and carries a surprising amount of information about the subthreshold signal. The information is maximized at optimal noise intensity. Too little noise and the signal is not sampled adequately; too much and the signal is swamped with noise. In both cases, the information content is degraded. A classical measure of the information content in such a pulse train is the signal-tonoise ratio (SNR), though other measures have been adopted, suitable for behavioral data [Freund et al., 2002; Greenwood et al., 2000; Russell et al., 1999; Ward et al., 2002] or for theories on cell membrane ion channels [Goychuk & Hänggi, 2000] .
The signature of SR is that the information measure, for example the SNR, attains its maximum value at the optimal noise intensity. An example from the original experiment with the crayfish mechanosensory system is shown in Fig. 3 . The triangles are SNRs measured from an afferent root compared with diamonds from a simulation of a noisy FitzHughNagumo model neuron .
SR mediated by light in the CPRs
We now consider SR experiments carried out in the CPR neurons and the effects of light on transduction of the hydrodynamic signal. Figure 2 (b) shows that a 10.5 Hz hydrodynamic signal is transduced in the CPRs with greater efficiency in the light as compared to that measured in the dark. The SNR of the 10.5 Hz signals appearing in these two power spectra is simply the ratio of the area under the peak to the area in a 1 Hz bandwidth of the noise background centered on the frequency of the stimulus. We can see that the SNR is much greater in the presence of light. A systematic study of light enhancement of hydrodynamic signals in the CPR neurons has been carried out . Signatures similar to SR were observed, that is the SNR was found to pass through a maximum at an optimal light intensity. This observation raises the question, as yet unresolved, as to whether the light generates noise in the CPR and acts in concert with an inherent threshold to result in the SR signature. Another question, also unresolved, is how the animal might make use of the light-enhancement effect. We have advanced a speculation based on the notion that the spontaneous neural firing of the mechanosensory neurons and the CPRs are primarily statistical by nature, and that evolution has acted to optimize the statistics and ultimately the animal's survival probabilities. The crayfish is primarily a nocturnal creature spending most days within a burrow. It does sometimes, however, emerge from the burrow in the daylight to forage. During such times it is available to predators, and the mechanosensory "early warning system" should be at maximum sensitivity. Hence the light enhanced SNRs. By contrast, when safely within its burrow (in the dark) it is necessary to "shut down" the system in order to reduce the probability of accidental triggers of the escape reflex, some of which might cause the animal to exit the burrow thus becoming susceptible to predators.
Light has an effect also on the quality of synchronization between the external hydrodynamic stimulus and the CPR discharges. Studies on light mediated SS and its relation to SR are detailed in Sec. 5.
Stabilities and Instabilities
Dissipative chaos is built upon a structure of a countable infinity of Unstable Periodic Orbits (UPOs) [Artuso et al., 1990a [Artuso et al., , 1990b ]. An illustration of such an orbit (of period-1) is depicted in Fig. 4 (a). Recurring orbits (solid and dashed curves) encounter a saddle-shaped potential characterized by stable and unstable manifolds that intersect at the unstable periodic point (UPP) (at the bottom of the straight dashed line at the center of the saddle). Upon each recurrence, the orbit intersects the top section as marked by the colored circles. If the orbit lands near the stable manifold it will be drawn toward the UPP on its successive recurrences following the stable manifold (red circles). But the UPP is unstable and near it, the orbit senses the presence of the unstable manifold. It thence departs along the unstable direction (green points).
Neurons that fire recurrently can show UPOs that are experimentally detectable by certain sequences of interspike time intervals marking the approaches and departures along the stable and unstable directions. An example is depicted in Fig. 4(b) . The experimental detection of UPOs has been discussed and demonstrated in physical and biological systems [Pierson & Moss, 1995] . The orbits were first detected in sensory biology in the oscillators of the crayfish CPRs with periodic hydrodynamic forcing . In noisy systems, such as the crayfish CPRs, only orbits of low period are detectable owing to the exponential scaling of their occurrence probability with period [Pei et al., 1998 ].
Precursors of period-doubling bifurcation have also been detected with algorithms similar to those for detecting UPOs [Omberg et al., 2000] . UPOs in dynamical systems also occur during a period-doubling process whereby successive stable periodic orbits lose stability at the bifurcations becoming UPOs beyond. UPOs and the precursors of period-doubling bifurcations have been extensively observed by the group of H. A. Braun in several neural systems including temperature dependent catfish electroreceptors [Braun et al., 1997] and rat cold receptors [Braun et al., 1999a] and hypothalamic neurons in rat brain slice preparations .
In the crayfish CPR neurons with periodic hydrodynamic forcing, the UPOs show up for certain conditions of forcing amplitude and frequency when the CPR is illuminated. A mapping of the UPO density in the CPRs over ranges of these variables has been provided for the period-1 orbits . Higher order orbits have also been detected in the crayfish CPR [Pei et al., 1998 ]. What the appearance of UPOs may mean to the animal, if anything, is unknown at this time.
Stochastic Synchronization
Synchronization is the process whereby a nonlinear oscillator may slightly shift its natural frequency to coincide with that of a driving oscillator. The difference in phases of the two oscillators then becomes constant in time. Stochastic Synchronization (SS) refers to this process when there is noise present in one or both oscillators. They can then synchronize for a time, then drop out of the phase locked condition. The episodes of phase locking and slippage occur randomly. The field of SS is devoted to characterizing this random process in various nonlinear systems including biological ones.
Synchronization of a noisy oscillator with a hydrodynamic signal
Scientific interest in the synchronization of oscillating physical systems, such as clock pendula, dates back to the work of Huygens [1673] . More recently, it has been realized that many biological systems -circadian rhythms, heart rate, neural firing, calcium oscillations, etc. -are oscillatory as well. But a problem arises when one seeks to study synchronization in oscillating biological systems: these systems are notoriously noisy. The study of synchronization of biological systems was facilitated by the pioneering work of Stratonovich [1967] on the synchronization of stochastic oscillating systems. This was later extended with studies of synchronization between the phases of noisy oscillators [Rosenblum et al., 1996; Neiman et al., 1999a; Pikovsky et al., 2001; Rosenblum et al., 2001] , studies of synchronization-like phenomena in coupled bistable systems [Neiman, 1994] , and other work (see for review).
Particularly relevant in our case is the fact that, in stochastic phase synchronization of biological oscillators, actual phase entrainment will typically persist for only a few cycles at a time. This necessitates the assessment of synchronization using statistical measures [Neiman et al., 1999b . With a theory of stochastic phase synchronization firmly in place, experimental observations of biological synchronization have accumulated quickly in recent years. For example, Schäfer et al. [1998a Schäfer et al. [ , 1998b characterized the synchronization between breathing and heartbeat. Tass et al. [1998] demonstrated increased synchronization between cortical firing and muscle activity in Parkinsonian patients. Neiman et al. [1999b Neiman et al. [ , 2000 observed synchronization in the electrosensitive afferent neurons of the paddlefish.
A further motivation for using synchronization methods is that these techniques provide much more information than more traditional crossspectral methods. Phase synchronization methods are not equivalent to cross-spectral techniques; in fact they provide a much stronger measure than the cross correlation. As pointed out by Tass et al. [1998] and Rosenblum et al. [2001] , if two systems synchronize, their signals are correlated; the reverse case does not hold. Synchronization allows one to follow two systems, or a system and a stimulus, as they remain entrained over a range of frequencies. Cross correlation and related measures do not contain information about the time-evolution of the phase difference between two signals, while this information is front and center in phase synchronization analysis. Synchronization measures, such as the synchronization index defined below, allow the identification of various frequency-locking regimes, information which is not contained in cross-spectral methods. By measuring synchronization, therefore, it is possible to obtain detailed information about the time-variation of the entrainment between a stimulus and response, as well as the type of mode-locking between the two signals, and the behavior of their entrainment as the driving frequency is varied.
As discussed above, the crayfish caudal photoreceptors (CPRs) are both primary light sensors and secondary interneurons in a mechanosensory (hydrodynamic) pathway. The crayfish can detect water motions as small as 20 nm [Plummer et al., 1984] , and is thought to use this exquisite sensitivity for predator avoidance . Mechanosensory hairs on the crayfish tailfan are mechanically coupled to sensory neurons whose axons enter the sixth abdominal ganglion [Wilkens & Larimer, 1972; Wiese, 1976; Wiese et al., 1976; Wilkens, 1988] , as shown in Fig. 1(b) . These neurons synapse onto the CPR cells. Thus, recording extracellularly from the axons of one or both of the CPRs, the response to light or to periodic mechanical stimuli may be observed, depending on the experimental conditions [Flood & Wilkens, 1978; Douglass & Wilkens, 1998 ].
One of our interests has been the determination of the mechanism by which the mechanosensory stimulus is encoded. In particular, as we review here, we have shown that stochastic phase synchronization occurs between the photoreceptor firing and a periodic (sinusoidal) hydrodynamic stimulus. It is known that the direction in which the mechanosensory hairs are bent (and thus the phase of a mechanical stimulus) triggers the firing of the afferent neurons to which they are mechanically coupled [Wiese, 1976; Wiese et al., 1976] . Thus some phase relationship between the stimulus and response is to be expected. Indeed, recordings from the photoreceptor [Flood & Wilkens, 1978] and the mechanoreceptor (sensory root) neurons [Wiese, 1976; Wiese et al., 1976] show well-defined clumps of neural spikes in what appears to be a fixed phase relationship with the stimulus.
But this is not sufficient to demonstrate synchronization. As Rosenblum et al. [2001] pointed out, synchronization is a process, not a state. This means that in order to demonstrate that the mechanosensory system encodes hydrodynamic signals by directly synchronizing with the stimulus frequency, it is necessary to demonstrate frequency locking between the stimulus and response over a range of frequencies. As discussed in Sec. 5.4, this does indeed occur in the CPR system. But before discussing the experimental results, however, we must pause to review some of the theoretical basis of stochastic phase synchronization, as well as the experimental methods used in our experiments.
Theory: The synchronization index
If the CPR's firing times are denoted as t k , k = 0, 1, 2, . . . , N , and the upward zero-crossing times of the applied periodic stimulus as τ i , i = 0, 1, 2, . . . , M , then the phase difference of the kth spike with respect to the stimulus is
where τ i < t k < τ i+1 [Neiman et al., 1999b; Rosenblum et al., 2001; Neiman et al., 2000; Pikovsky et al., 2001] . φ(t k ) will have values between 0 and 2π. (A similar phase difference measure may be calculated between two different spiking neurons, where τ i , instead of the zero-crossing times of the stimulus, represents the firing times of the second neuron.) The continuous phase difference, which can fall between 0 and infinity, rather than being "wrapped" modulo 2π, can be defined at time t as
where τ i < t < τ i+1 and i is the stimulus cycle number, and, as before, the τ i , i = 0, 1, 2, . . . , N are the upward x-axis crossings of the applied stimulus [Neiman et al., 1999b; Neiman et al., 2000; Rosenblum et al., 2001; Pikovsky et al., 2001] . If a neuron fires m times during n stimulus cycles, the n : m phase locking condition is
for the ideal case where there is no noise in the system. Here, φ(t) is the phase of the neural firing given in Eq. (2), φ stim (t) = 2πf 0 t is the continuous phase of the stimulus, and δ is the average phase shift between the two signals . When condition (3) holds, the oscillator (neuron) and driving stimulus are said to be n : m phase locked, and the n : m phase difference is defined as
The corresponding frequency entrainment condition is
recalling that the frequency f and phase φ of a periodic oscillator are related as
In this case one can make the statement that phase synchronization and frequency entrainment are two different ways of describing the same condition. In a noisy system, the phase difference (3) becomes unbounded, and we can speak of synchronization only in a statistical sense. In this case frequency entrainment occurs only during the brief intervals where φ(t) remains constant between phase slips (where, due to noise, φ(t) abruptly changes by ±2π). Even though frequency entrainment may only hold for brief periods of time in a noisy system, the quality of synchronization in a statistical sense may be found by plotting the probability density of the phase differences (4).
The intensity of the first Fourier mode of this distribution,
where cos(Φ n,m (t)) 2 and sin(Φ n,m (t)) 2 are time averages, defines the synchronization index γ n,m , which varies from 0 to 1 and is indicative of the relative strength of n : m mode locking .
Experimental methods
In each experiment, the crayfish (Procambarus clarkii, Carolina Biological) tailfan and abdominal nerve cord below the second ganglion were dissected free of the abdomen, and the connective between the fifth and sixth ganglia was desheathed. Recordings were made with a suction micropipette filled with 150 mM KCl, recording extracellularly from the axon of one or both of the photoreceptors between the fifth and sixth ganglia. The preparation was kept in van Harreveld's standard crayfish saline solution [van Harreveld, 1936] , at room temperature. Voltage spikes were amplified and recorded using a CED 1401 interface (Cambridge Electronic Design). Spike 2 software (CED) was used to determine spike times from the recordings. The data acquisition rate was 16667 Hz (i.e. 0.06 msec timesteps). Note that at this sampling rate our maximum error in calculating the phase of a spike within a 2π stimulus cycle may be calculated as follows. At the maximum stimulus frequency, 30 Hz, there are 33 msec per cycle, giving a possible error of 0.06 msec per 33 msec, which is equivalent to 0.18% of a 2π cycle. Thus, even at this high frequency, the phase is measured with high accuracy at this sampling rate. Light was applied to both photoreceptors simultaneously via a halogen bulb (DDL, 20V, 160W) passed through a light pipe, with the exit of the pipe approximately 7.5 cm from sixth ganglion. For variable light levels, neutral density filters (Oriel, Stamford CT) were placed between the bulb and the light pipe. Light levels were determined using a photometer (Graseby Optronics 371 Optical Power Meter) placed as closely as possible to the location of the photoreceptor in the preparation. The spectral sensitivity of the CPR has been shown to have a maximum at 500 nm [Bruno & Kennedy, 1962] ; the tungsten-halogen bulb used in the present experiments has significant spectral output in this wavelength range.
The CPR cells were positively identified as follows. Once a clear recording was obtained from a single axon in the 5-6 connective, the preparation was allowed to recover in the dark (5 nW/mm 2 ) for 5 min. A bright light (22 µW/mm 2 ) was then turned on briefly. If the firing rate of the axon increased significantly (e.g. from 5 Hz in the dark to 30 Hz in the light) and then slowed again once the light stimulus was removed, it was determined that a CPR axon had been located.
Mechanical stimuli were applied as described in [Wilkens & Douglass, 1994; Douglass & Wilkens, 1998 ], by rigidly fixing the tailfan in a vertical configuration, by means of one pin through each of the two outer uropods, to a moveable post within a room-temperature saline bath. The post, attached to an electromechanical vibration transducer (Pasco Scientific, Model SF-9324), could be moved up and down at various frequencies and amplitudes, generating relative motion between tailfan and saline solution. Due to slack in the nerve cord, there was negligible motion at the recording site. A laser Doppler vibrometer (Polytec) was used to calibrate the actual motions of the post to which the tailfan was fixed. Due to the rigid pinning between the tailfan and the post we make the reasonable assumption that there is no phase delay between the motion of the post and the motion of the tailfan. 
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The preparation was placed within a Faraday cage mounted on a vibration-isolation table (Technical Manufacturing Corporation, MICRO-g). Experiments were performed at room temperature (∼18-22 • C). In all experiments described below, unless otherwise indicated, "dark conditions" refers to a measured light level of 5 nW/mm 2 , and "light conditions" refers to a measured value of 22 µW/mm 2 .
Stochastic phase synchronization in the crayfish: Higher order synchronization and Arnol'd tongues
As discussed above, in order to demonstrate synchronization in the sense of Rosenblum et al. [1996 Rosenblum et al. [ , 2001 , it is necessary to show an increase in synchronization indices over a range of frequencies. The mechanoreceptor neurons that synapse onto the CPRs are maximally sensitive to hydrodynamic stimuli in the frequency range 5-12 Hz; we drove the tailfan preparation at frequencies of 1 to 30 Hz. At each frequency, 2 min of spikes were recorded from the photoreceptor (under dark conditions, 5 nW/mm 2 ). Synchronization indices for various locking ratios were then calculated at each frequency, and plotted as shown in Fig. 5 . Maxima occur in γ 12 , γ 11 , γ 21 , γ 31 and γ 41 . Note that these maxima occur at successively higher frequencies, indicating passage through a series of Arnol'd tongues [Moon, 1992] . Due to the noisiness of the system, Arnol'd tongues at 5 : 2 and other higher locking ratios were not observed. In measurements performed in the dark on 8 crayfish driven over a range of frequencies (typically 1 to 30 Hz) with a hydrodynamic stimulus amplitude of 6 µm peak-to-peak, clear maxima in the synchronization indices were observed in all animals. While only one animal exhibited the 3 : 1 and 4 : 1 lockings shown in Fig. 5 , a progression from 1 : 2 to 1 : 1 to 2 : 1 locking was observed in most cases. Exceptions included one animal where only a progression from 1 : 1 to 2 : 1 was observed, and another where only a progression from 1 : 2 to 1 : 1 was found. These results indicate that the region of 1 : 2 (2 : 1) locking was "off scale" due to the variation in frequency response from animal to animal, and thus the frequency range over which this locking occurred in these crayfish was not sampled. These results demonstrate clearly that stochastic phase synchronization occurs between the CPR firing and the periodic hydrodynamic stimulus. The result also confirms that an intrinsic oscillator does indeed exist in each CPR neuron, since stochastic phase synchronization can only be observed between an independent oscillator and a periodic driving force.
Synchronization in dark and light
What is the effect of light on the stochastic phase synchronization between the CPR and a hydrodynamic stimulus? In four of the eight animals, the experiment illustrated in Fig. 5 was performed under both dark (5 nW/mm 2 ) and light (22 µW/mm 2 ) conditions. Recordings were made for 2 min at each stimulus frequency, as in Fig. 5 . Each stimulus under light conditions was performed identically to that in the dark, except that the stimulus was not applied until the light had been on for 30 sec, in order to eliminate transients; after each light application the CPR was allowed to recover for 5 min in the dark. Figure 6 shows γ 12 , γ 11 and γ 21 respectively, with data for dark conditions shown by filled circles, and in light shown by yellow squares. As before, the frequency progression of maximal synchronization indices under dark conditions moves from γ 12 [ Fig. 6(a) ] to γ 11 [Fig. 6(b) ] to γ 21 [ Fig. 6(c) ].
The γ 21 peak is at the far right of panel 6(c), at the edge of the measured frequency range, and indeed approaching a frequency range that may be out of the normal range of sensitivity of crustaceans altogether [Goodall et al., 1990; Popper et al., 2001] . A similar progression of maxima is observed in the light (yellow squares) for γ 12 , γ 11 and γ 21 , but, for each synchronization index, the maximum occurs at a higher frequency in the light compared to the dark. This suggests that the frequency response characteristics of the photoreceptor are shifted to higher frequencies in the light, raising several questions whose answers may bear on fundamental problems of signal encoding. Is the higher frequency range evolutionarily related to differences in the natural frequency range of environmental stimuli to which the crayfish is subject in the light, in contrast to lower frequency stimuli it may be exposed to in the dark? Or is sensitivity to a higher frequency a dynamical result of optimal signal encoding against a background of faster CPR firing in the light? This latter possibility can 2 ), 5 min of rest were allowed in the dark (5 nW/mm 2 ) after each 2-min recording.
be tested using neural models where the firing rate can be realistically tuned over a 1-30 Hz range.
Stochastic synchronization and stochastic resonance
In addition to sharing a common pathway (the photoreceptor axon), these two sensory mechanisms, mechanosensitivity and light sensitivity, interact with one another. Indeed, it has been known for some time that light affects mechanosensory sensitivity. Indeed, Welsh [1934] , and later Edwards [1984] , demonstrated that illumination of the CPRs can elicit behavioral responses such as backwards walking. Simon and Edwards [1990] showed that direct electrical stimulation of the CPRs leads to the same behavior. Recently, however, made a startling observation about the photoreceptor system, demonstrating that light enhances the encoding of weak periodic hydrodynamic stimuli, as shown in Fig. 2(b) .The signal-to-noise ratio (SNR) of a low-amplitude periodic hydrodynamic stimulus (e.g. frequency 10.5 Hz, amplitude 147 nm peak-topeak) calculated from a power spectrum generated from a time series of delta pulses fit to the photoreceptor spike times, is enhanced as light levels are increased, up to a saturation level of ∼10 µW/mm 2 . As we have already discussed, this has been interpreted as a stochastic resonance effect, in which added light increases the noise intensity in the input signal to the photoreceptor, leading to an enhancement of the SNR .
We have compared the increase in SNR found by with the synchronization index γ 11 [Bahar et al., 2002] . Figure 7 shows the SNR (filled circles) and γ 11 (open circles) plotted as a function of light level, given in µW/mm 2 . At each light level, the system was mechanically driven at 10 Hz and amplitude 2 µm for 2 min, then allowed to rest in the dark for at least 5 min before the application of a different light level. Figure 7 shows that the synchronization index shows a maximum at an intermediate value of light intensity (hypothesized to be related to the internal noise of the system); SNR passes through a maximum at the same light level. A maximal value of SNR as a function of input noise is a signature of stochastic resonance effects [Wiesenfeld & Moss, 1995] . Recent theoretical studies suggest that an increase in synchronization measures paralleling an increase in the SNR should be observed in stochastic resonance as well [Neiman et al., 1998; Neiman et al., 1999c] . To the knowledge of the authors, this is the first demonstration of the correspondence between an SR-like effect and stochastic synchronization in a biological experiment (see, however, [Mori & Kai, 2002] ). While the observations shown in Fig. 7 are consistent with a stochastic resonance interpretation of the result described in [Pei et al., Fig. 8 . Synchronization indices γ 12 , γ 11 and γ 21 as functions of driving frequency f 0 for two photoreceptors (top and bottom panels, respectively) recorded simultaneously, using a driving amplitude of 6 µm under dark conditions. The spectrum of synchronization indices shows quite different behavior in one photoreceptor versus the other. Figure adapted from [Bahar, 2003] .
1996], far more must be understood about the biochemical effects of light on the photoreceptors (see e.g. [Kruszewska & Larimer, 1993] ) before it can be determined whether or not light increases input "noise" to these neurons.
Mutual synchronization of the two CPRs
The two photoreceptors receive excitatory input from hairs on opposite sides of the crayfish tailfan. There is no evidence of excitatory connections between the two photoreceptors [Flood & Wilkens, 1978] . Nonetheless, ablation of nerve roots providing input to one photoreceptor has been shown to decrease the response of the other CPR, indicating some possibly indirect (i.e. mediated by non-CPR interneurons) inhibitory effects between the two cells [Flood & Wilkens, 1978] . Given this observation, and that the two photoreceptors are coupled in the sense that they are subject to a common periodic mechanical stimulus, it can be asked whether the two photoreceptors (1) respond similarly to a common stimulus and (2) therefore synchronize with each other. In order to address the first of these questions, we show in Fig. 8 the synchronization indices γ 12 , 2 ) and light (22 µW/mm 2 ) conditions (top and bottom, respectively). Phase difference histograms are normalized to the total number of spikes in the sample. The preparation was driven with a hydrodynamic stimulus of frequency 10 Hz and amplitude 3 µm. Figure adapted from [Bahar, 2003] . γ 11 and γ 21 for both photoreceptors recorded simultaneously in a single crayfish, stimulated with a 6 µm sine wave under our standard dark conditions. The synchronization indices show quite different behavior in one photoreceptor versus the other. For one CPR (top panel), γ 11 has a maximum at 7.5 Hz, while it is maximized at 5 Hz in the other CPR (lower panel).
The CPR shown in the top panel also exhibits pronounced 1 : 2 locking at low frequencies (red circles), whereas the other CPR does not. These results indicate that the two photoreceptors have different frequency responses to the same signal. This may be at least partly explained by the fact that the two photoreceptors are often observed to differ by several Hz in their intrinsic spontaneous firing rates, and entrainment by an applied stimulus likely depends in part on the frequency of the driven oscillator. The differential response may also reflect a decrease in sensitivity due to loss or damage to the motion-sensitive hairs on one side of the tailfan.
When no hydrodynamic stimulus is applied, the spontaneous firing of the two photoreceptors remains unsynchronized, see [Bahar, 2003] . Application of a common hydrodynamic stimulus, however, does introduce some synchronization between the two photoreceptor spike trains. The top panels in Fig. 9 show phase differences between the two photoreceptors, driven by a common hydrodynamic stimulus, as a function of time [panel 9(a)], and as histograms [panel 9(b) ], under dark conditions (5 nW/mm 2 ). The bottom two panels 9(c) and 9(d) show similar measurements under light conditions (22 µW/mm 2 ).
Here the phase difference is calculated as in Eq. (1) with τ i and t k defined as the firing times of the two photoreceptors. While there are no welldefined peaks in the phase difference histograms [9(b) and 9(d)], Kolmogorov-Smirnov tests [Sokal et al., 1981] show that in both cases there is a significant difference between each distribution and a control distribution generated by randomly shuffling each set of interspike intervals. In each case, P Ho < 0.0005. Thus there does appear to be some weak synchronization between the two photoreceptors. Application of light does not appear to significantly change the synchronization between the two photoreceptors, however. A K-S test between the phase difference histogram in the dark [9(b)] and in the light [9(d)] gives P Ho = 0.205, indicating that there is a significant probability that the two distributions came from the same data set [Sokal et al., 1981] . Preliminary studies also suggest that a common hydrodynamic noise field does not affect synchronization between the two photoreceptors, in contrast to neural systems such as the paddlefish electroreceptors, which exhibit synchronized bursting in response to a noisy (electrical) stimulus . For more discussion of the results presented in this section, see [Bahar, 2003] .
Light Induced Rectification and Summation
In this section we show that the sixth ganglion and the CPRs are capable of rectifying and summing discharges received from the root afferents. Moreover, this operation is mediated by the light intensity. Using a simple model we quantify the action of light on the process.
Suppression of the fundamental and amplification of the second harmonic
In contrast to the result first reported by , a novel effect is observed for higheramplitude periodic stimuli (≥ 2 µm) [Bahar et al., 2002] . Under dark (5 nW/mm 2 ) conditions, we observe a peak at the fundamental stimulus frequency, as shown in Fig. 10 (left panels). In the light (22 µW/mm 2 ), the fundamental peak (SNR 1 ) decreases in height, and the second harmonic (SNR 2 ) increases (right panels). In some animals, all odd harmonics are suppressed by light, as illustrated in the lower right panel. • [Wiese, 1976; Wiese et al., 1976] . Summation of the MR inputs at the CPR is enhanced by light, accomplishing full-wave rectification of the input signal and doubling the effective stimulus frequency. Adapted from [Bahar & Moss, 2003 ].
We define (SNR 2 /SNR 1 ) light >(SNR 2 /SNR 1 ) dark as indicative of this "second harmonic effect". In 25 photoreceptors from 23 crayfish, stimulated with amplitudes ranging from 2 µm to 9 µm and frequencies between 7.5 Hz and 10 Hz, 13 CPRs exhibited (SNR 2 /SNR 1 ) light > (SNR 2 /SNR 1 ) dark . Figure 11 shows SNR 2 increasing as a function of light intensity (filled circles). We find that, in the case of this "second harmonic effect", the γ 11 synchronization index (open circles) decreases as the light level is increased, while the γ 12 index (closed triangles) increases. This indicates that 1 : 2 synchronization, which corresponds to two responses per stimulus cycle, i.e. a doubling of the original input frequency, increases as the second harmonic peak becomes dominant.
Light-mediated summation and the second harmonic: A model
The "second harmonic effect" can be accounted for with a simple model based on previous observations of the dual innervation of each mechanosensory hair on the tailfan by two neurons [Wiese, 1976; Wiese et al., 1976] . Each neuron responds (by an increased firing rate) to the opposite half of the sinusoidal hydrodynamic displacement cycle [Wiese, 1976; Wiese et al., 1976] . Figures 12 and 13 show a plausible diagrammatic scheme through which directional rectification of the mechanical stimulus by the two afferents, MR1 and MR2, and subsequent light-intensity-mediated summation in the CPR could account for our observations. The short-time mean firing rates of the two sensory afferents, R 1 and R 2 , respond (out of phase with each other as shown in Fig. 12 and the top and middle panels of Fig. 13 . Our hypothesis is that, within the CPR, these two responses are summed, and the strength of the summation, A(I), is dependent on the light intensity, I. Here we have normalized the response R 1 of MR1 to unit amplitude. The response R 2 of MR2, after summation, has relative amplitude A(I) with 0 ≤ A ≤ 1. The result of the hypothetical summation in the CPR is shown by the response, R 1 + A(I)R 2 , in the bottom panel of Fig. 13 .
While the two responses are given by the functions: it is more useful to expand these functions as Fourier series, corresponding, respectively, to the three waveforms shown in Fig. 13 :
where the frequency of the stimulus is given by x = 2πf t. The coefficients of the trigonometric terms in Eq. (9) determine the amplitudes of the peaks at corresponding frequencies in the power spectra of the neural responses. Our data indicate that the noise background is constant (within a small deviation of less than 1%) at the frequencies of the fundamental, second and fourth harmonics. Thus the ratios of the peak amplitudes in the power spectrum is given by the SNRs. For A = 0, the summed response predicts a power spectrum for which the fundamental peak has the largest amplitude (1/2) 2 followed by decreasing amplitudes for the peaks of the higher harmonics. For A → 1, the fundamental peak is suppressed; the second harmonic grows in amplitude (4/3π) 2 and is followed by only the even harmonics. In all cases, the third harmonic is absent in the model. We can extract the dependence of A on light intensity by comparing the calculations with the amplitudes of the peaks in the measured power spectra.
The SNRs from the experimental data can be interpreted with the corresponding ratios of the coefficients in Eq. (9), thus,
or inverting to solve for A 2:1 ,
Here A 2:1 denotes the determination of A(I) from the experimental measurements of the ratio of the SNRs of the second harmonic peak to the fundamental. One can obtain similar formulae for the other ratios, for example,
Interestingly, the model predicts a lightindependent constant for A 4:2 , yielding the ratio SNR 4 /SNR 2 = (1/5) 2 . As we show below [inset, Fig. 14(b) ], the prediction of this light independent, constant value can be used as an approximate consistency check of our model. We expect A(I) to follow a course similar to SNR 2 and γ 12 shown in Fig. 11 . Figure 14 shows our determinations of A(I) from the measured power spectra using Eq. (9). We emphasize that this model is linear, while the transduction processes that carry the hydrodynamic mechanical stimulus to a firing rate in the CPR are almost certainly nonlinear. For example, quadratic (or higher-order) nonlinearities, or a small offset in the π phase difference between the waveforms of Fig. 13 , could account for the appearance of the small third harmonic peak at 22.5 Hz in Fig. 10(a) (left panel) , though the third and higher odd harmonics are absent from Eq. (7). Moreover, real data can produce a negative value for A [see error bars at lowest light level in Fig. 14(a) ], because it is experimentally possible to obtain SNR 2 /SNR 1 < 4/3π. Nevertheless, the linear model captures the gross features evident in our experimental observations. An estimate of these inaccuracies (and a measure of the degree to which the model is not self-consistent) can be obtained by comparing the two values A 2:1 , A 4:1 , and checking the hypothetically constant value of SNR 4 /SNR 2 at each light level. Calculations of A 2:1 and A 4:1 agree well, as shown in Fig. 14(b) . However, the measured value of SNR 4 /SNR 2 is approximately 0.2, in contrast to the value predicted by the model, 1/25 [inset, Fig. 14(b) ].
Discussion and Summary
We hope to have convinced the reader that the crayfish mechanoreceptor system is a rich source of nonlinear dynamical and stochastic processes for experimental study. Indeed using the tailfan and CPR preparation, we have introduced SR into experimental sensory biology and found the first statistically based UPOs. Further we have been able to demonstrate that these phenomena can be extracted with statistical confidence from inherently noisy systems. In this regard, noteworthy is our demonstration of SS in the periodically forced system and in particular, our ability to extract evidence of the Arnol'd tongues from this noisy system.
In the CPR, all of these phenomena are mediated by light, and we have quantified the dependence in several cases. In particular, the influence of light on the rectification and summation processes is striking. We have generated a simple, linear model of the phenomenon of full wave rectification based on and inspired by the original observations of Wiese et al. [1976] of the dual enervation of the hairs. The experimental observations of the generation of second and higher even harmonics and the suppression of even harmonics in the power spectra of the spike trains measured at the CPR are clearly explained by the model. Light enhances the generation of higher even harmonics in the CPR under periodic hydrodynamic forcing. But does this phenomenon have any functional significance?
Each CPR receives inputs from ∼70 hairs [Wilkens, 1988; , and therefore 70 afferent pairs, the situation is certain to be significantly more complex than our simple full wave rectifier model would suggest. An additional puzzle lies in the observation that enhancement of the fundamental peak occurs in the presence of light for a weak (low amplitude) periodic input signal, as described by , whereas the lightinduced harmonic dominance occurs predominantly for large-amplitude sinusoidal stimuli.
Both full-and half-wave rectifications have been identified in mammalian (e.g. [Rowe & Palmer, 1995; Chubb & Nam, 2000] ) and invertebrate (e.g. [Kondoh et al., 1996; Okuma & Kondoh, 1996] ) nervous systems. The crayfish system, however, appears to be the first identified neural system in which full-wave rectification of one type of sensory signal is mediated by stimulation with a different type of sensory input.
Speculations on the "use" of this effect by the crayfish in its daily routine remain open. Lightenhanced mechanical sensitivity may have evolved as an alert mechanism of periodic water motions caused by an oncoming predator when the crayfish is exposed outside its burrow . Rectifying this signal might relate to the sensitivity range of neurons in the higher nervous system upstream of the CPRs; a higher-frequency signal might be easier for some upstream neurons to extract from a 20-30 Hz spike train, while a lower frequency input might be more easily extractable from a spike train with a lower average frequency. If such a hypothesis is correct, these upstream neurons may provide insight into the role of the second harmonic effect within the computational apparatus of the crayfish CNS, and may ultimately suggest mammalian systems which might also exploit rectification of one sensory input, induced by another, for "computation."
